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_\g ABSTRACT

This life is optimal in the sense that the combined expected costs

A method for determining an optimum safe-life ia presented.

associated with catastrophic failure and total life inventory are

& minioum.

"An associated question that is addressed is that of determining

the optimum number of tubes to be life-tested. This decision is
resolved by minimizing the combined cost of testing and the mometary

penalty of imperfect information,
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INTRODUCTION

The question of how long to retain gun tubes in gservice (in
terms of cumulative usage) has historically been settled by deter-
nining the number of rounds at a given zone that a gun would fire
with acceptable accuracy. Due to several factors, nearly all the
cannon tubes in our inventory now become dangerously liable to a
fatigue failure before wear causes an unacceptable loss of accuracy.

Thus, ths question of current concern is how many rounds may
be firad before the risk of a fatigue failure becomes excessive.
Uofortunately the variability associated with failure by fatigue is
quite large. With no precise, non-destructive way of ascertaining
vhen a tube vill fail, one only has recourss to determining tube
1ife ou the basis of failure data gsthered on the tube. Further the
large cost of tubes, used expendably in testing, precludes large
sanple sizes. Thus the risk that one is running must itself be

obtained by statistical {(nferenca.
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Stated more precisely, from a small sample of failure data, one
must declde what the nature of the failure distribution is and what
the parameters of this distribution® are. Only when the latter are
obtained, can one predict the chances of‘failure when operating & tube
to a certain life.

Presently, statistical data on thick-walled cannon tubes indicates
that the distribution of cyclas to failure {s log-normal. Altho some
other distributions cannot be definitively rejected by chi-squared and
Kolmogorov~-Smirnov tests, graphical analysis using maximum likelihood
estimates offars persuasive evideace that the distribution is log=normal
tather than, say, Weibhull. Most of the failure data from which this {n=-
ferance {s dravn coms fthu ocne tube-=~the M113 cannon used on the M107,
175zm gun., However, becsuse of the similarity in geometry of tubes with

changes {n caliber, it is presently felt that the distribution of tube

* Even to talk about a failure distribution implies {mwmutability of
expacted values over tise. Thie 13 turn requires that the process
generating the tubes doas not change over time. For example the
ssne Daterials must be used and the same requiremants for strength,
hardness, toughness, etc, must pervist, The same fraction of tubes
oust be procured froca sach supplic.. Ly sime {nspection stendards
sust apply, etc. Doubtless pver the Life of the systen isome charac-
teristics of the process will change with possible change i{n the
nature of the product, This prospect adds snother element of uncer~
tainty to sn already .ncertain si{tusticn. However, wve shall assume
statistical stationarity, mainly because the problem would become
completaly i{ntractable vithout this asssuzption, but also bacauss we
feel that changes deliberately introduced in the process would only
tand to improve the quality of the product and therefore that the
fictitious failure distribution cbtained from sarly sexpling would
bs a conservative astimate of the presant quality of the product.
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life would be log-normal for all cannoms. In this report we assume
that tube life'is log-normally distributed. The failure data for the
M113 cannon and graphical evidence for the log-nmormality of the under-
lying distribution are presented in-the appendix,

Therefore, cnly the parameters of this distribution need be
estimated from early failure data. The primary purpose of these tests
is viewed as particularizing the distribution of tube life. This
distribution will be called F(t) and its estimate will be F(t) .
After this has been done a decision must be made, in the light of
P(t) , as to vhat is a reasonable safe-life. One way of doing this
is to decide wvhat a maximun acceptabla risk of failure {s, say, a
and find the value of t such that F(z) =a .

Altho this suggestion has the merit of conceptual simplicity, {t
fails to address how one decides upon a max acceptable risk., Since
determination of the latter {s the heart of the problem, it is not
helpful to answver the question of tube safe-iife by deferring the

question of risk to executive fiat.
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DETERMINING OPTIMUM SAFE-LIFE

The authors believe that a clearsr picture of the consequences
of sslecting a certain life as “safe" i{s obtained by examining the
future costs associated with a selection~-the omnly costs getmane to
this decision. These costs are (1) inv.htory costs and (2) expected
costs imputed to catastrophic failures. The first of these decreases
as tube safe~lifs is increased whersas ths second increases with tube

life. This situation suggests that the sum of these costs may have a

ainigum for & particular life. This life is, then, regarded as optimal.

To find it, ve proceed as follows.

Lst ¢ = the average cost of acquiring and maintaining a tuba in
{nventory -

(A) (¢)= tha .v.:.g. cost of sn operational failure of a tudbe -
including all coets imputed thereto such as lisbilities,
cost of investigetioca, valus loss of cperationsl oppor-
tunity, valus loss of troop confidenca, value loss of
ailitary prestigs, etc,

NOTE: A 4is the ratio of cost of fallure to tube cost.
u @ the expected total utilization of the system over its
cperatiocal life in number of rounds
% condemuation liamit (safe~life) for a tube
F(t) = failure distribution for tube life

*\
Then the total, undiscounted, expected future cost affected by‘a' decislion

oo ¢ 1is given by

total variable cost = {A cu ?(tL) +c u]/:L (1)

S
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We call
U(ty) = variable cost /! (cuw) , (2)
hence U(tL) = [A ?(tL) + 1]/:L (3)

It is clear that minimization of U(tL? with respect to t is

equivalent to minimization of the total variable cost. In graphs 1

and 2 we have plotted U(tL) vs t, for two values of the parameter

L
A . For this purpose we chose F(tL) as log~normal with parameters

yw 8,3065 end ¢ = 0,4425, this being representative of the M113 gun
tube.
R/
P(e,) = L Ie dt , where
Vir T
la gy, =¥
0 (%)

g =

In graph 3 is shown the locus of optimum t; . In graph & we
have cross-plotted the optimum value of ¢, , t; + V8 the paraseter
A . The unreliabilicy, P(t;) o 18 aleo shown. It i{s clear from
this graph that the optimal value of tubs safe-life becomes progres-
sively less sensitive to inctemcnts in A as A increases.

For the case shown, a tube cost of $25,000 has been given while
the total imputed cost of a catastrophic failura of $2.5 million is
not unreasonable. Thus a reasovable value of A is 100, At this
valus the tube safe-life {s 1100 cycles and ia quite {nsensitive to
changes in A ., It should be noted that this optimal safe life {is

considerably above the 400 cycles curreatly in use for the M113 cannom.
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PROBLEM OF TEST SAMPLE SIZE

The executive will choose a tube safs-life onm the basis of the
best information he has available after testing. To use the method
descritsd above, he must asct ao L{f his estimate of the failure dis-
tributien ﬁ(tL) is the one which actually obtains. He would then
proceed to sbtain his estimated optimal safe life ;ﬁ .

Houevei, because of inevitable sampling error, the value of his
"optimum" will not in gemeral be the correct one. That is, in general

5{ #t, o Because of this the total variable cost of subsequent

A
L .

Letting Ut = U(t{) » the monetary penalty associated with choosing

operation will be higher than it might have been had he chosen t
E; is given by

penalty = ¢ u (U(E]) « U%) (s
This {s the loss incurred because of imperfact information.

Now ohe cen reduce the axpected difference in €z and t{ by test-
ing more ugits. The queation as t¢o hov many units one should test can
then be poued, for it ie clear that cne cannot go on testing indefinitely
in an atctﬂbk to reduce his uncertainty conceraning P(tl) .

We suswer this question by fnsisting that the rational decision~
saker will vent to minimize the expected aggregate cost of testing and
panalty. This total cost for n units in a total life test is

total cost = penalty + B cuo , (6)

wvhare B 1is the ratio of coet of testing one tube to the cost of a tube

10
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in inventory, ¢ . This value of B 4is about 12 for existing systems

and methods.

Ve dafine
V(n) = total coet / ¢ . (N
Thus | )
V(n) = u G(n,t) + B n,
where
G(n,t) = U(t) = U» (3

It is clear that the expected value of ¥(n) , which ve shall
ainimize, is given by
V(o) = uG(n) +B (9
To find the value of n for which V(u) 1is a ainimum, ve proceed
as follows.
Lat o* be such that

V(a%) ¢ V(a" + 1)

< V@' -1 (10)
But, - -
Vo' + D=u "+ 1) +B @ + 1)
or T+ ) o u[ T+ 1) - 3@ )+ + Ty . (11)
Similarly,
Ta* = 1) = u [ G(u® = 1) = G(a#®) ] = B + V(%) (12)

Proe (10), (11), and (12), we can write

Ta? ~ 1) - C(a?) » -:; 2 Ga*) - G(o* + 1) (13)

11
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The last expression is interesting in that it shows chat the
optimum sample size depends only om the ratio of B to u , i.e.,
cmly on the ratio of non-dimensional test cost to utilization. Further
at the optimum n , the forward difference in 'E(n) straddles B/u .

To determine E(n) , the au:h;:rs found it necessary to resort to
MONTE CARLO techniques. In doing this, we attempted to duplicate as
closely as possible the conditions facing the tester,

£.aple of n failure times are drawn from a log-normal distri-
bution whose pAramsters are unknown to the tester., From these

¢, (1 =1 ..e0), 46 uses maximum likelihood to obtain parameter

estiuatac fx and 3
yeI® ta &) /n
im]

5 asqe [ (20 w? (g,) = o)) /(a=D)] (14)
fe1

The estimates form the basis ol his estimated failure distrihucion F(t)
Using this 4{n placas of P(tL) in (3) and @’atmizing with vespect to ¢

producss E; from which one can compute

G(n) = U(Ex") - g* , (repeated here from (8)) .
This procedure was repeated 1000 times for each u and then vepli-
cated., Examples of distribution.® of G(n) are showm {iun graphs 10 and

11 {n the Appendix. Tie resulrs were sverag:d obtaining point estimates

* It vas noted that the distribution of G(n) {s wvell £it by a Weibull

distribution. The variance of the distribution increases with the
parsaeter A

12
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of G(n) . A smooth curve was passed thru these points using the
function

G(n) = exp[ a + b Ln(a)] .
The result is shown plotted in graph 5., Finally forward differences
in E(n) wvers taken, A E(n) . The;e are shown in graph 6 for
A= 100 and in graph 7 for A = 200 ., As an illustration of the
utility of these graphs in finding n* , wa take the follewing
example:

:niting cost/tube = $300,000

cost oi tube = $25,000
total expectad utilization of the system = 1 million rads.
Thus, B = 300,000/25,000 = 12 dnd 10° B/u e 12 .

FProm graph 5, we ses that 1092 G(a) > 12 foru = 18 and ‘
10%08() <12 forn=19 .

Therefore n* = 18 .

13




$E3SIRIREIEERTRIELL A ] [ H H FH H {5 H 111 1
i H ) ﬂm Y HEH BT HEH 1 HHH BT R . 3 i 192 1 ) 1 i 1
HH] HHHT , b HHHT H1 : : H T
u; H 4 | 1 § T { § lnm HHTTH ] 1T t TR i1 §Hisiee 4 : :
8 ' H +1H HT11tHT HiiTEH H 11 T H 1 . 111 s 1 1131 e
SEustgnissasadsdtss M HT1iHT HH I H THEHBHBIRH IR i 1 1111 1 41
e aH anH e R R A R R HE B E H ] it
HH HHBH T T HER R T e R EHH T HH i 4111 : o)
H 4 1- e L. T . . L. » ] ons L L e
T HHTHHH] H HE T H Hi T {11t H ] a
HHERR s R R L HHH R i 1 1 i __
b T 53 35013 1141 Fepis) H. H 14 : HH 1 B ? 1 ]
T T H RO HHT ! i , HiHE SHHHL 1 }
| R e e R i r ; 1N
shegosongd . ..Mv.ﬁ {14318 W » TiH TT g38 L 2 f ] ¢ W
' ] 313 < 13T ] L 3 4 i1 ] AJ
HH Hiid T R t H HiH : 3 i3] i \O
\J

H

sistiaducdgdnsus 4 H tHHH HH H ot §u aigEssscls 1 3 ] & ; i i
: Hiiil 3 E§sigzsafass: it HE SEPiZIRLIISIILIE HIHHH : Pt sLeiFEeSLEIRILL 1t
avaadaais T H R HATHHH IR i T L s 111 1 H 1411 TEH I T st5ii3 1a Mu.u
1131140 3 g ] wfdndgiosod ity I 141 H
T Raagacdpeaal geidsfiitbits m R tHiH 3 b1t 1 H S H
H WU HRIHE s ] i : i $ 1
o 3 . s 133 BESRUES 3 - wny 338 (4 i 444 4 }
i ] puns o NAURS I (< 1y ¢ 9 § ¥ X & [}
i 1 Sngasd & [ .@ HHIHHH s +13 4 3 23§ » v ¥ i1
-y 1L 38 gagns gl SukSIsudgss 3 st s 1538533 143 V]
FeT HIHT 332 » T puy b Tt g8 (X . . > [ 23 34 »
113 B segdslgand ddc== sibvasgigagvionbsuny = ﬂr_ wf_ $ L. L4 3 & Uhﬁmxir : JA 4 : _. 4 4 N
HH 1T HS H 113 1] .8 3 : 1314 4 §4 4
$-- - 1 4 'v.\. - I [ - | j AW. Y.x ﬁ = vArA” u.lﬁl—lﬁ 111 P 4 -4 ﬁ\ -4 - * 4 - 7 %w 4 .LL-LJ
SHEH T T H T HHH e TR < puiis LisH buanisatipese : O
.. s - 1 111 -+ 4 +4 4+ 14 4 44 4 » b4 -4 b - 4 4
i Swagdh p 111311 » 1 9 FIITIL HILIY in o H g 3 9 3 3 14 .AL 1333183 ] b4 b N 7
§ 111 '3 1HH 5 - . 3 o ® 2 ;] o 4 & 2 N‘L
e s I dus ane ﬁ m ¢ BT HHHT TR 11 - 1 1 s §3de 33
28 Hit HE AT HE BT R HAY ] } ] 131 H $i1iliss 11
“. tH Ry lvrvL T HITITITL ] 3333 H h 1 23313318 » - 1 4 43 1+ 3 3 L,
1 T T 111 LLH LH 4 <23 -4 pesiinted 4 4 g 444 3¥s : IL 4 lrr ¢ 1 t: 1 H ﬁl
H
i i S3sBasiaREs R a5 [ 1 1333338 HHH 3% I s1e3stisdi{lenl 3 4
H - B TH LT H T 1 HH H 1 a1 i pefeeise H N it
sesfessnyys (14417 sshdsdes BT HTTH £ siidls salgias . sgeils HBIHIR s HHHE m‘uk..ux 1143381441442 [~
H1TH 1 113 [3 agfud . . (HTL ey 11113334318 . F11s £33 ¥ 4 1 14
11 44 - Lxx ',mu. §23 HHTLHH : £33 3.4 i 238 L.T 33 } 2 1Lr 1383 -] A.L | : 4 Lr.x r.r vxxL b11 4 a
11t 4 1111 H 1 1134 > u...m o ijeste teigtsisstityiisly & o
31 Y . 57 " 'a F1tH HE H 33 17 . [ N 4 3 44 » e
2 &2 1 » HE xﬁ Sewa pes ] W, 4111 H” 5 i H nxnl § ﬁ. $ } 44 xxm 3 ; 1144 xx § !
nge 444 t4 1 4 44 k.
Sedsiiseiatis BT 8 i HnU i i
i EEithaate: I HB R e T I £ R R
. -+ 4 budubn I <4 I £ ..A ﬁ umu ity u 4 -4 -4 ——
' - HHEHER : s e {11 H : 114114111 3 ifii1]
. 1 IT11T. SEPPNENS [ TN s b4 (1] n.L 11 ¥ 13 I 11 L 4344 u ﬁ ] (113! 3 3
-4 -4 4 1T 1] “ Jm - x'llﬁx +—+4 -4 4 4 T - -2 -4 -4 " 33 1 am. - 44 -3 u §-3 rll

-
1.
X
T
1
T
1
14
-
"o
T
T
aaa
I
pa 4
T
T
T
:
.

1wt
e
16
)
:
S
+
it
:
1
—+
o
:
:
15
"
=
1
b
‘18
11,
I’_"‘
11
1
| B
-
A
1
3
:
i & 4
A
b o
b
5
-
-
=
4
) e
bl

ERBES 880N [ 144 sbgtigeng e geubuguNg [ §o8 > ¥ 1331
. L1171 4 ps L P ] b3 238¥en - 4
_ i HEH B H T Bt R Y H THAHIH T O THIN 1 341 131 H ;
. N LL1) L 4
H HiH i H 1H b T i
t o4 -
_ ssssipgiaiii HTHHIH sstadsgidisiedisidtion H HHIH ] H HEIBHHIHE ]
i i +1 {3tiifi : b
. aga t . 3 sguss 3 14 113 11111 1. ] » 28 34 1 3
i i H : 11111 1 11T

6




Joune = 2ewe 2w Y TYTTIY I no
ey S804 ESRE e Y BY S S PRE; T 1 IS 888
T o EaYneainus o oT
seaiyningl ans s oH : DT
M aagenys by by i ’ +
ny + »t‘- ARgha gl vt -+ - — .
ey it rdobrd e fg e i Tfie by e : - v
—- fresid Feorbi angeyeafenigun soguniune s 0 EODDY L
s
! Frogedesiodore — ¥
: s riths : !
. ot ¢ qdetrfoteb . vt gt - o
N -y bt vt § ey b =
ot ot ed e I3
Selssaned i O SO - i
B edidy soule . )
SSEOASANGN B HSSR SPREE! ppari . . (‘(>
SRYNA pEes oy ey peres - [
4= ] riaddarp e + N
RioPe P ougs Sogon pdis 1
I SBRG nay . ¥ e 4 - phoae.
fhoimp 3 4 4b s 4 . T + " . 33 ek,
Jogh uaae: Y it — PRREE SRGDE 04 { N
e < joade Pty nhpd Iy b LUy e
t
R et 19808 REs setsisets: ! PP SUHEE DO =0
idr iy v [OY AP PODR FRGEN SRGDE A
e o o - S — HiME .t b ARG SOPEE ME S S SOEGE!
S Egs ooy SXEas Eoossseges Te=e: oo s won: S 0pes e ovsagnny
1 & 8 T r
PSSP ig migtniTnoydsdus pabusraass i - peote
p g ¢ pefgstagisagtegsassibosuas : ponsgos Eng iy e e—
s 9481 1o bbb et pay 14 R o [T Supune
) b bt oy g T sty ; 9 3 [ J
+ sqd it odeory
e 80 = o - Sadey sane
¥ *
0§ b ey 8 44 T e rry ~pr+ - P2ESs Sunpe —
++ + s 14+r evf s} b e |2
1 s34 + ity . s
1na v e 0t OB e o
e T T
-+ bt .o
e ol ettt pe b e ety SRO0u BOE §4 24 o ey roa s N
+ » ¥ + + 4t v o vl 30 SNENY wie JRESE pdeng seana "~
oo yorf bt s ifr o b Fo b 14 PRSAS SOaas 44 oo
b bty & eavardrsod bres [ 2458 oy [Rers h - et "oty
rw—- pus fteret pion s M e e —y v PRESSases
- y [ERS Saray v [RS0 SROHE po X ——t
v b e e It L A I R IT R = Prpad piindg SN v sons
et
sang — [N UYY FRSRS SRUTE PETRE B4 GG PREAE Dy Sy v vy -
apebpusbls Foay e T 3 x = : SRIRE snade
boe 3 e P Dude $094 b b ~3
bt y - v - [SUSL SpaNrs iy [ % & prahe
0:40 d - LI R R d L i B
masdind 1879 Seeds cundt Buwe: : P (Tad Fu S40E povany
P - el y qgas ol
[ 2 = [ 4 et o o vy e pe v
¥ 1 D trerireade )4tk —_ — " . RRERL SO (o aungen -
+ L o ome 1+ o d b 40 e ¢ < Sge et Doy e Ty > s i
npas - ‘e O ol e gy +
4 L4 T t T : 2 v I T T oy y
166 ppo 2% Be T + 16 Tt b s B4 Tt Tty
n t 1pd & 4 5154 et T T ' p ol Tt e
> + T +
vt rigslyedate Py =< et + + T - -
- -+ bttt [ohe o + s RY 2 dgwas bgnuy M4 PEYT it
o v ) v B v - !
4 . ? pae
’ ‘Lv ey + v —~ ¥ b e 4+ >y e
PR 44 S OaL4) POERE S ) B Ae 4 < . v x' - e
B b ol ” o T \Q
A ey I3 — —— e o + -
e I tLl“* adi s el -4 ; I os T bs -
-ty ’
29y 3+ g ofl Peava —r ) # e
- - & re 1
Lt iaal ity s e i e o : 7 t e
>3 gt b 84 ot +- {4 = L (@)
- Jreasierafe 74 Iehtagdy o seshesny Sffpraaae: rowados.
N - >y T —e -
) pepae P SPEES Aaag P21 v et S DEMAIPS Paritigesl Bargiupit theng ==
Hte-t o el <y e ts L waiif i freis )i B e b " e b a rpRes 94
e [ SR ie avade sunde sesdl INEES IRNNE 334 > o ae g IR I35
N + e - R IEERS IR . wet - R e +— v+ z
s ouny v -
[} eyEee 4 rapw R4 Sy iy - PRy
Pt BT ci bt ; =
1 yoss b r {1 POy ey o dead =
s 448 e + g JEugy 2 Te
s b 4 wod [ gty X SF paasearh [ Spgry pumirers IC £42~ o
rrimpete et o 41 $d-o iy =09 o + + ot SRR g — sy e ey g
4 d gy + . sor 1 forritnd
v = [ - -
T 'y u g LY
4 Y eergep st of v ¢ O & -
'8 .a' ——— oo 3 b vame 4
Ll St ia Bt sl EX ol ey
T Thot orepiie vatg e oy X
H - > LR 2o TR X 24 -
[S1qd pagae (00w SPSaR S, gt detg gy + 1 PITes oo
e o -
- b
" PRERS & Sevpy > »’@- -
4 - o [
Sy ———
fRad oo iy -
>
Ve faes T4t
-t [ *dap b I
+ " et e K
b e )
b (PSSR YR aa Saeiy )4
fehtuiret—) 4 . - R
[y
> e pore s a1 8 s
L e e
-+ - ~
1 14 4 8 Bs hmvd b - pophnd
L3S IR IR FRYNY PPN amawas
Vot s - ’ 1o oaas
TR =t Ty FA e )
ooy el o) - + 1 - [Py o
e | ol Sanbund P - - B A P P
- rd - b - s o o
hr»-rh—--‘ t T + ¥ ' - - e
e )4 "4 .
. .
0 ot trn | op At s o—b- Sy
oo b § v s ppriurtwa
H bt o e [ yeates
',
- T ) o
o 94 T vy
T 3 : 3 bt
.
= Ree I prrr e Lo
PR By
+ e y -ty vp o
.4 - .
e L > e ey
T 1 T
o 3 g S
=] wewe > =t
P2 R ) 4 -
-~ — -l -
e ™ s
-
fivry one g 3
. + “+ .
SR Sy " —— wy
.- 2 v — pers pireeray ey re L
s , wen N
L e, -
2 eoadd R - -y e bt
: iy 5 ot =
Ir' +
o vs o8l $ e oo 2 e )

52
4
4
3
3
28
2
2

15




RIS

R DR

cepmee —

IOO‘9

-
-

i : . i
L 1A i 1 it
: ! : I
1
e T
St
e
et
t 3
'y 3 o
g e o T
== pam g e ' ryovs
T + + Sy, AT
! o
; 3 3
4
o RS ey
I3
s o ey .
ol el & BR 3&
3 o g faas R4
ey e evem e g e ST
[aararige e
: e e
) it
SEDEIEDA SRRy ¥ e ¥ -
ol & PRl QRamUpe
[RAREAERER SR b ins IO & PRI
P el e i R e e g bt
:
" N, 1 - N
O SN L } N
s it —
H . M I3 . et ——— o
— 1 } Y : '
et bt RS ' — ; Ly - ; : i ‘L
il'Ill. s . | HE N !
R . : 1 : i1 . h
. - i : 1= - ) T *
I'd ; ' %1i Ay Ly 1 b i
: RMEERAE L] AENRRENANERRRRERN




O1

N

e P
proye [N}

Rl

TR g

10

e Rl o

>
H
*
1

#aed b

bowvaas

ey b

by pave

AN

-+

TPEN

I

-~

cl

1

91

—

it
=

r 4
19 ¢

-

R oy

1

1

’ 5

-

-3 oy

-8’4

e

oy

82

|

—

fo-aane

=

o

ok

Y

-

1
21

e

ey
p Sy

2 bk et e
FRERPEPe-S# o4

1"
IQan-
proecs

9¢

b
) o

oot

It

} @y

11
o
it

it

peget

Ov

8 0

o

e

PEA T o el

et

e

1’47

I:

1SR

——

#0 B
149

baiage

Lee

s
e
.

) o
&
PR paoad 9

s epuadt

1)

b o

2

baid
v
4
by pn s

8

Y
~rad

-a

' &

T

RN € e 78

1T

i
3

2.
el I ey

parl il

[ o=

o o)

T

4+

Y I el Sk ad

ek o for bees

Py
-bes os yp-

swy

N
W

1t

96




=
:
5
3= P
]
o 7 — +
t\ = T — — =
6 mipgp— py
—— =
=
5 T——t —r
— . i H + b et s
3 . H t Y I S I A —— i e 1
4 —h bk i N 1 . —_— i . M N T
’ 4 : = ; s ;
S S = g
T ;
ﬁ—r rari o~ el o T ——
psy . ) W S5 G .\ d W T oy
ki —— b 8 e
" - et t L . > * T
pual i Pl 0 O I — T
0 OO 1 oo o
! H T reme : 1 - t
- 1 TR =t : u S SN : :
M —— . [ — N | i, IR — 1 N :
{ ki — 4 . I 1 ey N - i H [ AN
2 M ? M — P —+—t 1
———t —t ; : ENES SeGwS et ¥
; R I A A AR 1 : H i T N SN IS AR
: : HEELE MRS N ; L : 4 PRI Ml AT
H A M R} Tr
| O . . i — {R I HERY N [N L I ! N
+ - . —— — I 1 +
;
ma ; I
i
t
il
. 3 H
| Ot .
8
7
.3
s =
&
N
T T T —t=
d - ¢ p
p mrgemrie, - —p—— o o — 1
# N I t han T .
. ! 3. -
N 4 4 —
N = T 1T 3 AR T
o 1T = Nl 00 ¢ T o
a ket :
HYan r T 3
L o 4 — bt It
L - H B - M M —t fui
ek i i) PO bt L 1 + i 18
2 S H i — . H N - H
+ M bt
- HES N
: . U — — O TR A SO
[ N bad bl N IR N A
-t ot L) Ty —
1 b i ot et
I . [ I R T
i H + Ll bt
1 : bbb [
2 R A AR AT L.
' o 1 i X IEEE K
A
7.
H
‘ ", R I DR el
7 - : 1= = — R e e
- z iy
" 4~ Rl SRy (TR UM S iy gt -
e
e
i — > v bt e
r'y
i s o
Nk - e fintt e v g Ao
3 i oot et
ey T T S e amw oo e o}
posiogisbatd Spvihgiemb o vt
= POTRGE TR QAT ST e A SO SRR
s m SSEPORR SN LT At w e feesaians o v
YRR ey VS YRS QUEGRR, «. . ROUR ST G ey
. ——— b wnd Cies — 4 bm:
b b b e ennae RO T L A SRR SR,
P el Sl Saaa SRR P . i
. R R By s o e ol e 4
P e Y B §ram 8 ans B R ] B podren b derd s - -4 B R R
—— e o . e N . - et em 8
T s Tl SR TRt fhe T I 5 SRR SNRSIUADR 0 NP
+ N SO T § -
" - [ P - ¥ --....1 R R e . 4 - B P R o JETRRV IR RPTRY SR I
. ! L -
N o s o D et ST B et S LR N g [RCRE
N . t 1
i . NN . U UUY G Y S [N R S P
N N R ! : Lt e '
—t - oy - - e R B e S .- pmtaen - ey of
\ C I BRI . L - B BN . ] .
3 ) ‘ | e 2




SUMMARY

Two problems are addressed in this paper: determination of the
gai’. 2 optimuss tube safe-life and determination of the optimum gize of sample
to be life tested, These problems are related in that the metkod by
which the decision-maker would choose a "safe" life after tests are

g 'é completed affects the penalty associated with imperfect informatiom.
This has a bearing on the number of samples taken. Stated succingtly,
P 72 the way in which the tnformation {3 used affects the amount of effort
3 ; . productively spent in its acquisition. In an obvious way, the informa-

tion concerning fallure— ounce acquired=-—-should be used with all of the

é pertinent cost factors to chcose an optimum safe-life. In this note
5 X — _
i;‘ © 3 . ve have shown how this can be done. We have also shown that three
A :é principle parametars are {nvolved in these decisions: A, B, and u .

further, since the decision-making models involve futare (and uncertain)
variables, we have described the sensitivity of the decisica to the

parassters,

Finally one might conjecture that the decisious themselves affect

the future valuas of some of the variables. Por example, a decision to

- o lover the safe-life raises the total inventory requirement. In an
% i_ attempt to maet the sdded requirement usage may decrease due to rationing
£ k- of tubes, -In some cases this reciprocal relationship betveen a decision

and {ts data base may not be negligible.
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COMPUTER PROGRAMS

The computer program implementation of the analysis is simple
and direct, Basically, the program finds the expectation of G(m), .G'(n),
for values of n from a set read in as parameter data, Other values
treated as parameters are El, B2, E3 and A, El, E2 and E3 are,
respectively, values of t in P(t) for which P(t) = ,16, .50, and
«84 .+ Thus, for PF(t) a log-normal distributiom with parameters
u sndo , u=LtaBl and o =1/2 ta (E3/RL) .

The program was written in the PORTRAN-II language for implemen-
tation on a FORTRAN~IV compiler. The progrem uses several standard
library programs developed by this office., Since these programs are
oot part of a basic PORTRAN system, their source listiogs will appear
in this note for coxpleteness. The prograus used are

(1) SUBROUTINE MINID (X&, Yd, Y, DX, EPX, BPY)

Y is a function name which is given in the EXIEBNAL
staterent of the calling program. The prograx winimizes
Y(X), 8 user-written function, by the method of interval-
halving. A starting value X¢ , hopefully near the optimunm,
is given., The steps tn X of DX ars used until the
ssarch is terminated vhep changes io both X and Y
itaratas are less than ths given epsilon values EPX and
EPY , respectively. The ocptimum point {s passed back to

the calling progran thru X4 ad Yd.

18




(2) SUBROUTINE OPEN (IHIST, XMIN, INTER, DX, D1, D2, D3, IMAX)
SUBROUTINE DIST (IHIST, XMIN, INTER, DX, D1, D2, D3, X)
SUBROUTINE CLOSE (IHIST, XMIN, INTER, DX, D1, D2, D3, N)

This set of programs {s used to comstruct a histogram

for the FORTRAN random varisble X . IHIST is the

oane of a one-dimensicnal array used for storing the
frequency-of-occurrence of X . XMIN {s the lower

bound of the histogram, INTER is the number of intervals
in the histogran. DX is the interval width. D1, D2 aad
-D3 are dummy varisbles used by the subroutines. Note that
DX, D1, D2 and D3 sre computed and used ocnly by the histo-
gren package, XMAX is the upper limit of the histogram.
X 1a the reandom variable to be DIST-ributed and N 1s
the number of random variasbles that vere distriduted for
final summary computations in CLOSE,

(3) FUNCTION SNORM (2)

The program computes the integral from =« to Z of
tha standard-normal probability function. The error,
Jeo! < L5210 .

(4) RANDOM (N)

This function subprogran wvas written in MA? lsnguage for

the 1BM=7044, Each time it sppears and is called, & ran~-
dom number i{s produced. That number {s the sum of N

uni{form, random deviates from (0,i) . It is used in
this study to generats normal deviates using the Central
Limit theorem techrnique as explained in OR Technical Note
66=1 by Stuart Olsoa.

19




The main program begins by reading a set of constants, identi-
fication and parameters. Tha FORTRAN symbols and their meaning are
glven,
“ Symbol Meaning
TITLE An array used to store 80 characters of run
| __ identification,
- NS Number of iteraticus to be used in Monte Carlo
simulation (1000).
NPAR Number of parameter cards in the set.
» IDL A number chsnged for each run so that the riandom
puzber ssquence does not start vith the ssse number,
. NWT Ruaber of intervals i{u the G{n) histogram IVN.
NINT Number of intervals {n the ¢t histogram IT3.
NUNT Number of fatervals o the U(E]) histogram IUS.
130 M estimate of ! (1100),
114 An increment ured it the search for optioum t: (25).
‘ ‘ ET,EU Maximms fractional arror lavels for U(tx.)
sinimization used by HINID (.002 and .001).
vL,vi Lover and upper limits, respectively, for G(n)
Z histogram (0.0 eand 0.01).
TL,TH Lower aand ypper limits, respectively, for E:
bistogram (0.0 end 10000.).
| uL,ud Lover sad upper limits, respectively, for U('é:)
) histogram (0.U01 and 0.00S5).
20




(The following are repeated NPAR times.)

AV(1) i=th value of A 1in the parameter set
E1v(I),E2V(1) ,E3V(I) i—th.values of E1, E2 and E3
(2600, 4050 and 6300, for all { )
NV(I,J) " For the i-th set of perameters, the values
of n to be used
Using the parameters given, the program computes y and o .
These are used to find c: by the MIN1D search., A loop counter is
initialized to sweep thru all the n'a given bn the i-th parameter
" card. ‘'ihe histogram files are OPEN~ed and the Monte Carle loop is
initialized, Withiu the loop, §i and o0 ara obtained from equaticn
(14} . When these are computed, the value of EL must be found such
that U(QL) is a minimum. This is accomplished by a special search
subroutine called MINFE which searches ou the variable
2= (at, =0)/6 . Whem E ts fomnd, G UGED - u(e) ta
computed and distributed {n the IVN histogram. Other interesting
quantities are also distributed in other histograms, After NS repeti-
tions, the current operating paramaters are printed and the histogram
files are CLOSE~d and printed, Then the n=loop is rvepeated, followed
by the NPAR loop.

The program source listings, sample input and output are given.
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SOURCE LISTINGS

$1BSYS

$JCB AWCOR=SQ

$TIME 40

$PAGE 300

$18J08 UCC MAP, DECK

$1BFTC GUNSS

C JUNE 55,1967

¢ LUN TUBE SAMPLE SIZE STUDY S C N L ENKER - 0L SON
EXTERNAL U

DIMENSION AV{20),ELVI20),E2VI20),E3VI20%,NV(20,10),TITLE(16),
1 IVvN[1002]),1TS{502),1uS{202}),121102)
COMMUN AL,EMU,SI!G.EMUH,STuH,TLO,UKS,Z,25TAR
READ PARAMETERS FOR SIMULATIONS
HEAD 1, TITLE.NS,NPAR, JUL ,NVNT,NYNT,NUNY,TSO,.DT,ET,EU, VL. VH,TL,
1 TH, UL, UA (AVITTGELVITILEB2VIT) B3V INVLIL,J1,J31,401, 151, NPAR)
1 FOKRMAT (16A5/15,12,13,315,5X4F10.0/6F10.0/(4F10.0,10]21)
C IDLE RANUOM NUMBER GENERATOR TO STARY NEW SEQUENCE
uo 9 I=1,1D0L
Y HANDsRANDOM{1)
C SET LIMITS OF 2 WISTUGRAM
LL==3.5
IWz2=2.5
C INITIALIZE PARAMETER=SEY COUNTER
U0 Z IPAR=L :NPAR
C UET WORKING VALUES OF PARAMETERS FROM READ<IN ARRAY
AzAV(IPAR]
E1=E3IV{]IRAN])
E23E2V(1RAR)
tISESVIIPAR]

C COMPUTE MU AND SIGMA FUR U{TL) FUNGCTION
EMUSALOGIEZ]
$1G=,.5+AL0G(EI/EL)
¢ COMPUTE 31GMA wWITH CURRECTION FACTOR FQOR VAR]JANCE N
¢ CENTHRAL LIMIT SANPLING SCHEME TO BE& USED BELON
51uC2.,720710678S]G
¢ INITHALIZE TU TO BE USED IN SEARCH FOR HIN-y
TLS2TSY
¢ COMPYTE =PSILON VALUES TQ BE USED [N GENERAL ONE-DIMENS]IONAL
C SEARCH FJR MIN-U
EPT=ETeT,S
EPUzZEUSU(TLS]
¢ CALL ONE~DIMENSIONAL SEARCM TO WINIMIZE ULTL) FUNCTION AND
C STUR: RESULT IN TLS ANU USTAR

CALL MINLID{TLS.,USTAR,U,DT,EPT,EPU)
LSTAR={ALOG{TLS) -EMU])/SIG
¢ PRINT RESULTS OF SEARCH PLUS A TABLE OF ULTL)
PRINT 11,TLS,USTAR
11 FOKMAT (S1W1TAQLE UF U{TL), MINIHUM AT TL8FB,2,3X7HU-STARSF 11,8/
1 IHOLIX2NTLIOXSHULTLY)
TLT=Q.
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DO 12 [=1,50
TLT=TLT100.
UTL=UITLT)
12 FRINT 13,TLT,UTL
13 FORMAT [1H F15,2,F15,8]
c INITIALIZE COUNTER FOR N=VALUES
DO 2 NN=1,10
2. 2 N=NV{IPAR, NNJ
. 3 c PENFORM SIMULATION USING N-VALUE GIVEN

- - -

S IF IN=112,2,3
k. _ 3 FN=N
BN c OPEN HISTOGRAM DATA-FILES

CALL OPENI[1Z,20L,100,241,242,243,2H]
CALL OPEN[{IVN,VL,NVNT,211,212,213,VH)
CALL OPEN{]TS,TLsNTNT,221,222,223,TH]
’ 3 CALL OPENTJUS UL SNUNT,231,232,233,UH]
B c INITIALIZE SIMULATION COUNTER
. : DO 4 I=1,N§ .
- ¢ COMPUTE MU<-KAT AND SIGMA<HAT VALUES
E EMUH=N,
i SIukH=g,
S o % J=1.N
B X=EMU+SIGC*IRANDOM[24) =12,
E 9 _ EMUHZEMUM+X
. 1 5 SIGH3S[GAexeX
4 EMUHZEMUH/FN .
. SIUMzSQRT ((SIGH=FNeEMUM®EMUNR) ZIFN-1.1)
USING EMUM AND SIGW, MINIMIZE UILTL) FUNCTION
CALL MINFH
USING EMY AND SIG VALUES WITH THE OPTIMUM YL VALUE, TLO, JUST
- UBRTAINED, COMPUTE ULTLO}
3 UTS=ulTL0)
- GN=UTS-USTAR
’ DISTRIBUTE COMPUTED VALUES IN THEIR RESPECT!VE MISTOGRAMS
CALL DIST{IVNsVL)NVNT,211,212,213,GN)}
CALL DISTII1Z,2L,100,241,242,743,2)
CALL DISTIITS,TLANTNT,221,222,223,T40)
4 CALL DISTCIUS UL ANUNT,Z31,232,233,UTS)
y ¢ END OF A SIMULATION-PRINT RESULTS
t PRINT boTlTLE»A»&l'EZOEJOENUnSlGoN
0 FORMAT [1MI116AS/1HOLAXINALIX2HEILIX2HE2L1IX2HEI/1IH 4F15,2/1KH013X
1 2MMUTOXOHS]IGMALEXIMN/ZIN 2F15,4,115)
PRINT 14
14 FORMAT {16MHIGIN) STATISTICS)
Cc CLUSE WISTOGRAM FILES AND PRINT RESULTS
. o CALL CLOSE(IVN,VL/NVNT,211,212,213,N5}
P PRINT 7
¥ 7 FORMAT [19HITL<STAR STATISYICS)
. CALL CLOSE(ITS,TL,NTNT,221,222,223,NS)
PRINT 8
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8 FORMAT {18H1U-STAR STATISTICS)
CALL CLOSE[IUS,ULsNUNT,Z31,232,233,NS]
PRINT 10 .
10 FORMAT ([13MW1iZ-STATISTICS)
: CALL CLOSE[1Z,ZL,100,241,242,Z43,NS)
3 2 CONTINUE
;_.' CALL EXIT
i- b END
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$IBFTC UTL

FUNCTION U{TL)

" COMMON A,EMU,SIG

C SNORM COMPUTES THE STANDARD-NORMAL INTEGRAL FOR ANY Z VALUE. IT IS
c ACCURATE TO 1.5 PARTS [N THE 7-TH DECIMAL

Us [A*SNORM{ [ALOG(TL)-EMU]/SIG]+1,]/TL

RETURN

END
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$IBFTC MINFH A
c THIS ROUTINE MINIMIZES UITL) BY SEARCHING ON ‘THE VARIABLE 2
SUBROUTINE MINFH
COMMON A,EMU,SIG,EMUM,5]08M,T2,U2,2,25TAR
Z=18TAR
T=EXP [SIGHwZ+EMUH]
Us[A~SNORM[Z)+1.,1/T
DZ=.1
8 22=2+DZ
T2=EXP (SIGMeZ2+EMUH)
F=SNORM[Z2)
U2elAwFel,)/72
[F [ARS [T-T2]=1.014,4,%
1F (ARS [U=U21=Uw]1 E=3]9,9,5
IF (u2-Ul6,86,7
0Z2==,5«D¢
V=y2
=72
T=T2
G0 Y0 8
9 RETURN
END

O NI

2




$IBFTC MINLD ’

c MINAD [S A SIMPLE ONE-DIMENSIONAL FUNCTION MINIHIZER
SUBROUTINE MIN1DIXS,YS,FUNC,DXS,EF(,EPY}
X=X$
Y=FUNCIX]
Dx=DxS

105 X23X+DX

Y2=FUNC (X2

: IF (ABS (DX)}-EPX)101,101,102

N ' 101 1F {ABS (Y~Y2)<EPY)100,100,102

g 102 IF (Y2-Y]103,104,104

R 104 Dx==-.5+Dx v

R d 103 Y=Y2
i GO T0 105
b 100 XS=X2
k- YSzY2

= RETURN
3 END

T L )

S T A b T A e S £ i

e ..v.,v-"l-wqmwj"v‘or;w:'-‘.gw.
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$I8FTC OPEN
SUBROUTINE OPENIIP,XMIN, JINT,DX,DS,DSS0,XMAX]
DIMENSION [P(2502)
DS=0.
pssa=o0.
LIMEJINT2
DO 1 I=1,L1IM
1 IP{]ll=0
DXs [XMAX=XMIN]/FLOAT [JNT]
RETURN
END

28




$IBFTC DIST :
SUBROQUTINE DISTIIP,XMIN,JINT,DX,DS,D85Q,X]
DIMENSION IP([2502)
DS=DS+X
USS@=NSSA+ XX

B Yz2X=XMIN

9 E KzY/DX+.5

. IF [K11,2,3

E ) IFIK=JNT])6,4,5

IF {Y-5L0AT {K)*DX12,4,2

K=K+1.

IP(K)=s]P{K]e+1 v

b 4 NETURN

K . ) 1 K=JNT+1

. GO 70 4

H O

. 3 5 K=JNT+2
F- GO TQ ¢4
S . END

O ¥ S I T A T RS

T S T g R N
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$IBFTC CLOSE

4

10

SUBRUUTINE CLOSE[IP,XMIN,INTER,DX,S5S,85855,N]
UIMENSION [P{2502]

FN=N

US=SS/FN

PSSQO=SORT [ABS [[SSSS=FNe«DS+DS])/{FNel,]1)])
Sx=0,

STuXs0.

ve=XMIN=-DX/2,

U0 1 I=1,INTER

Vzy+DX

DEN=FLOAT [IR[]1])wv

SX=SX+UEN

SILXsSIGX+UEN*Y

SX=SX/FN

STuUXzSURT {ABS [(STUX/FnN=SXeSXeDX*DX/12,})
PRINT 2,N,DS,DSSQ,S8X,S1GX

FORMAT  [1HO10X26HHISTOGRAM GENERATOR QUTPUT /1MW 9X6HSAMPLEGX
1 GHSAMP MEANIX12HSAMP 3TD DEVOXOHHIST MEANIX12MWK]IST STU DEV/1H
¢ 115,1P4c15.6/9H0INTERVALAXLIHUPPER LIMITSX10MCLASS MARKIXARFREQEX
3 7HDENSITYSX10HCUMULATIVE)

LINE==40

UL XMIN

CUM=FLOAT {IP{INTER+11)/FN

FPRINT 8, JL, IP{INTER+1},CUM,CUM

FORMAT (1M 7X1HO1PE15.4,15X17,0P2F15.8)
UN=UL"'DX/20

uLsUL+DX

Ul 3 l=21,INTER

IF [JP(1)110,11,10

VENSFLUAT {IPTL]1)/FN -
CUM=CUMs UEN

LINEzLINZ+1

IF [LINE)S»546

IF UINTER=|=05]15,5,15

K={

U0 12 J=lsINTER

IF (1P(J))12,12,13

KaKed

¢ CONTINUE

IF (Ke(515,5,14

PRINT 7

FORMAT (L1HLIBNINTERVALAXI1HUPPER LIMITOX10MCLASS MARKIX4WFREQSX
1 7HMDENSITYSX{1OMCUMULATIVE)

LINEz=55 .

PRINT 4,1 ,UL.CM,IP{1]1,0EN,CUM

FORMAT (1MW 1B,1P2E15.4,17,0P2F15.8)

JL=bLLegX

O CM=CMeDX

Kz [NTERe?

Jo




[=K-1

DEN=FLOAT (IP{KII/FN
CUM=CUM+UEN

PRINT 9, ]P{K],DEN,CUM
FORMAT (1H 18,30Xx17,2F15.8)
RETURN

END

k)




$LIGFTC SNORM
FUNCTION SNORM([Z]
IF LARS (2)-7.]1,%,2
1 SNORM=,5+S]IGN [.5,Z)*ERRFX(ABS (Z)*,70710678)
RETURN
SNORM= ,5+SIGN [.5,2]
RETURN
END
$IBFTC ERRFX
FUNCTION ERRFX([X]
T=1./01.,+.3275911«X)
‘SUM=1.06140543T
SUM=[SUM=1.,453152031+T
SUM= [SUM+1.421413741+7
SUM= (SUM-.284494736 )T
SUM= [SUM+,254829562] «T
ERRF X221 .=SUM®EXP [=Xw*X]
RETURN
END

ne
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$1BMAF

RANDOM

NEWUOQ

START

GENER

SUN
uo
NASK

KANDOM
ENTRY
SAVE
TZE
TRL
CHS
STO
ReETURN
CLA
RETURN
CLA
STO
CLA»
PAX
LCa
ZAC
MPY
LLS
ZAC
LLS
STO
OnA
FaD
FAD
ST0
Tix

Re TURN
838
0cCY
ocTY
139
END

RANDOM
1,2,4
NEWUO
START

uo
RANDOM
Ul
RANDOM
={ .
SUM

3,4

»1

uv

X
8

27

uo

MASK

MASK

SUM

SUM
GENER+1,1,1
HANDOM

1
0004290371643
2000000600000
11547

3
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TABLE OF U(TL)s KINIMUM AT TL=

TL
100.00
200.00
300.00
400,00
500.00
600.00
700400
800.00
900,00

1000.00
1100.,00
1200.00
1300.00
1400.00
1500.00
1600.00
1700,00
1800.00
1900.00
2000.00
2108.00
2200.00
2300.00
2400.00
2500.00
2600.00
2700.00
2800.00
2900.00
3000.00
3100.00
3200.00
3300.00
3400.00
3500.00
3600.00
3700.00
3800.00
3900.00
4000.00
4100.00
4200.00
300,00
4400.00
4500.00
4600.00
4700.00
4800.00
4900.00
5000.00

u(TL)
0.01000000
0.0050C000
0.00333334
0.00250004
0.00200046
0.00166933
0.00143898
0.0C128092
0.00118630
0.00115735
0.00120230
0.00133180
0.00155625
0.00188393
0.00231984
0.00286522
0.00351750
0.00427067
0.0G511584
0.00604189
0.00703621
0.00808532
0.00917547
0.01029313

" 0.01142533

0.01256002
0.01368620
0.01479408
0.01587513
0.01692206
0.01792882
0.01889055
0.01980343
0.02066467
0.02147235
0.02222534
0.02292321
0.02356613
0.02415473
0.02469011
0.02517368
0.02560712
0.02599234
0.02633139
0.02662646
0.02687977
0.02709362
0.02727029
0.02741205
0.02752115

989.06

35
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GUN TUBE SAMPLE SIZE STUDY AWC-OR SCHLENKER - OLSON JUNE 20,1967

A El €2 E3
200.00 2600.00 4050.00 6300.00
MU SIGMA N
83065 0.4425 8




R T YT
i

o

g

o B o S SR e
;
:

s a0 T 2R
- FRACE

Tn e v o

G(N} STATISTICS

INTERVAL

VDNV PWN~O

HISTOGRAM GENERATOR QUTPUT

SAMPLE SAMP MEAN SAMP STD DEV
1000 8.122838E-04 1.703063E-03
UPPER LIMIT CLASS MARK FREQ
0. 0
1.0000€-05 5.0000E-06 73
2.0000€E-05 1.5000€-05 60
3.0000€E-05 2.5000E~-05 38
4.,0000€-05 3.5000€-05 = 27
5.0000€E-05 4.5000E-05 31
6.0000F-05 5.5000€E-05 19
7.0000E-05 6.5000E-05 18
8.0000E-05 7.5000E~-05 21
9.0000€E~05 8.5000€-05 24
1.0000FE~04 9.5000€E~-05 21
1.1000E-04 1.0500E-04 14
1.2000E-04 1.1500E-04 20
1.3000E-04 1.2500€~-04 9
1.4000E-04 1.3500E-04 13
1.5000€-04 1.4500E-04 17
1.6000E-04 1.5500E-04 15
1.T000€~04 1.6500E-04 12
1.8000E-04 1.7500E-04 14
1+9000€E-04 1.8500E-04 9
2.0000E-04 1.9500€-04 9
2.1000€~04 2.0500€E-04 16
2.2000F-04 2.1500E-04 9
2.3000€~04 2.2500€E-04 10
2.4000€-04 2.3500E~-04 11
2.500CE~04 2.450CE~04 13
2.6000€~04 2.5500E-04 9
2.T000E=-04 2.6500€E~04 6
2.8000€-04 2.7500E-04 2
2.9000€~-04 2.8500€E-04 9
3.0000E-04 2+9500E-04 7
3.1000€-04 3.0500€-04 i1
3.2000€E-04 3.1500E-04 3
3.30C0€E~0% 3.2500€-04 6
3.4000€E~04 3.3500€-04 3
3.5000E-04 3.4500E~04 7
3.6000€-04 3.5500€-04 7
3.7T000€~04 3.6500€~04 -}
3.8000E-04 3.7500€-04 7
3.9000€-04 3.8500€-04 11
4.0000€-04 3.9500€-04 5
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HIST MEAN

T+437439E-04

DENSITY
0.00000000
0.07300000
0.06000000
0.03800000
0.02700000
0.03100000
0.01900000
0.01800006C
0.02100000
0.02400000
0.02100000
0.01400000
0.02000000
000900000
0.01300000
0.01700000
0.01500000
0.01200000
0.01400000
0.00900000
0.00900000
0.01600000
0.00900000
0.01000000
0.01100000
0.01300000
0.00900000
0.00600000
0.00200000
0.00900000
0.00700000
0.01100000
0.00300000
0.00600000
0.00300000
0.00700000
0.00700000
0.00600000
0.00700000
0.01100000
0.00500000

HIST STD DEvV
1.360227€-03

CUMULATIVE
0.00000000
0.07300000
0.13300000
0.17100000
0.19800000
0.22900000
0.24800000
0.26600000
0.28699999
0431099999
0.33199999
0.34599999
0.36%99999
0.37499999
0.38799998
0.40499998

0.41999998

0.43199997
0.44599997
0.45499997
0.46399997
0.47999997
0.48899997
0.49899997
0.50999997
0.52299996
0.53199996
0.5379999¢6
0.53999995
0.54899995
0.55599995
0.56699995
0.56999995
057599995
0.578999.4
0.58599994
0.59299994
0.5989999¢
0.60599994
0.61699994
0.62199993
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NTERVAL
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
60
61
62
63
64
65
66
68
69
70
71
T2
73
T4
75
16
17
18
79
80
81
82
83
Bé
8s
86
a8
89
90
91
92
93
94
95
9%
98

100
101

UPPER LIMIT
4.1000E-04
4.2000E-04
4.3000E-04
4.4000E-04
4.5000€-04
4.6000E-04
4.T000E~04
4,8000E-04
4.9000E~-04
5.0000E-04
5.1000F-04
5.2000E-04
5.3000E-04
5+ 4000E-04
5.5000E-04
5.6000E-04
5.7000E-04
5.8000E-04
6.0000E-04
6.1000E-04
642000E-04
6.3000E~-04
6.4000E-04
6.5000E-04
6.6000E-04
6.8000E-04
6.9000E-04
7.0000E=04
7.1000E-04
7.2000E-04
7.3000E-04
7.4000E~04
7.5000E-04
7.6000E~-04
7.7000E~04
7.8000E~04
1.9000F~04
8.,0000E~-04
6+ 1000E-04
8.2000E-04
8.3000E-04
8.%000E~-04
8.5000€~04
8.6000E~04
8.80G0E-04
8.9000E-04
9.0000E-04
9.1000E-04
9. 2000E~04
9.3000E-04
9.4000E-04
9.5000€- 04
9.6000E=04
9.8000E-04
1.0000€~03
1.0100E-03

CLASS MARK
4,0500E~04
4.1500E-04
4,2500E~-04
4.3500E~0%
4.4500E-04
4.5500€~-04
4.6500E-04
4o T500E-04
4.8500E-04
4,9500E-04
5.0500E~-04
S5«.1500E~04
5.2500E-04
$.35006-04
5.4500E-04
5.5500E~04
S+ 6500E~04&
5.7500E-04
5.9500E~-04
6.0500E~04
6.1500E-04
6.2500E-04
6.3500E~-04
6.4500E-04
6.5500E-04
6.8500E~04
6.9500E-04
7.0500€6-04
7.1500E=-04
T.2500€~04
1.3500E-04
T+4500E-04
T7.5500E~04
T.6500E=04
T.1500€-04
1.8500€E~04
T.9500€E~04
8.0500E~04
8.15006~04
8.2500E-04
8.3500E-04
8.4500E~04
8.5500E~0¢4
8.7500E-04
8.8500E-04
8.9500E-04
9.0500€-04
9.1500E-04
9.2500E~-04
9.3500E-04
9.4500E-06
9.5500E-04
9,7500E-04
9.9500€E-04
1.0050E~03
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DENSITY
0.00400000
0.00600000
0.00500000
000400000
0.00200000
0.00400000
0.00500000
0.00300000
0.00400000
0. 00400000
0.00500000
0.00400000
0.00200000
0.00300000
0.00700000
0.00400000
0.00100000
0.00100G00
0.00300000
0.00200000
0.00200G00
0.00500000
0.00600000
0.00100000
0.005020000
0.00300000
0.00200000
0.00500000
0,00500000
0.00300000
0.00100000
0.00200000
0.00400000
0.00400000
0.00300000
0.00100000
0.00200000
0.00200000

0.00100000

0.00200000
0.00300000
0.00300000
0.00200000
0.00100000
0.00200000
0.00100000
0.00200000
0.00400000
0.00400000
0.00100000
0.00200000
0.00100000
0.00200000
0.00200010
0.00200000
0.00300000

CUMULATIVE
0.62599993
0.63199992
0.63699992
0.64099991
0.64299991
0. 64699990
0.65199990
0.65499990
0.65899989
0.66299988
0.66799988
0.67199987
0.67399987
0.67699987
0.68399987
0.68799986
0.68899985
0.68999985
0.69299985
0.69499984
0. 69699984
0.70199984
0.70799983
0.70899983
0.71399982
0.71699982
0.71899982
0.72399981
0.72899981
0.73199981
0.73299980
0.73499980
0.73899979
0.74299978
0. 74599978
0.T74699578
0. 746899977
0.75099977
0.T5199977
0.7539997¢
0.75699976
C.7596997¢
0,76199976
0676299975
0.76499975
0.76599974
0.76799974
0.77199973
0.77599972
0.77699972
0.77999972
0.77999971
0.78199971
0.78399970
0.78599570
0.78899970
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INTERVAL
102
103
104
105
107
108
109
111
112
113
115
116
117
118
120
121
122
124
126
130
132
133
134
135
136
137
138
139
140
141
142
144
145
148
149
151
152
153
157
159
160
162
165
166
L67
169
170
171
176
180
181
183
184
185
186
188

UPPER LIMIT
1.0200€E-03
1.0300€E~03
1.0400€-03
1.0500€~03
1.0700€E-03
1.0800€E-~03
1.0900€-03
1.1100£E-03
1.1200E-03
1.1300€E-03
1.1500€~-03
1.1600€E-03
1.1700E-03
1.1800E-03
1.2000€-03
1,2100€E-03
1.2200€-03
1.2400€-03
1.2600E-03
1.3000€~03
1.3200€-03
1.3300E-03
1.3400E-03
1.3500E-03
1.3600€-03
1.3700€~-03
1.3800€-03
1.3900£-03
1.4000E-03
1.4100E-03
1.4200E~03
1.4400E-03
1.4500E=-03
1.4800€E-03
1.4900€E-03
1.5100€-03
1.5200€E-03
1.5300€-03
1.5700€-03
1.5900€-03
1.6000€-03
1.6200E-03
1.6500€-03
1.6600€-03
1.6700€E-03
1.6900E~03
1.7000€-03
1.7100€-03
1.7600E-03
1.8000F-03
1.8100€E~-03
1.8300E-03
1.8400€~-03
1.8500€-0)
1.8600€-03
1.8800€-03

CLASS MARK
1.0150E-03
1.0250€-03
1.0350€-03
1.0450€-03
1.0650€E~03
1.0750€-03
1.0850€~03
1.1050E-03
1.1150E-03
1.1250€~03

"1.1450E-03

1.1550E-03
1.1650€-03
1.1750E-03
1.1950€-03
1.2050€E-03
1.2150€E-03
1.2350€-03
1.2550€~03
1.2950€E-03
1.3150E~03
1.3250E-03
1.3350€-03
1.3450€-03
1.3550€~-03

- .1+3650€-03

1.3750€-03
1.3850€-03
1.3950E~03
1.4050E-03
1.4150€-03
1.4350€-03
1.4450€-03
1.4750E-03
1.4850E~-03
1.5050E-03
1.51%0€-03
1.5250€-03
1.5650&-03
1.5950&~03
1.6150€~03
1.6450E-03
1.4550E-03
1.6650E~-03
1.46850E~03
1.6950€~03
1.7050E-03
1.7550€~03
1.7950€-03
1.8050€-03
1.8250€~03
1.,8350€E-03
1.8450€E-0)
1.8550€-03
1.8750€~-03
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DENSITY
0.00300000
0.00100000
0.00300000
0.00100000
0.00200000
0.00100000
0.00200000
0.00100000

000300000

0.00300000
0.00100000
0.00300000
0.00200000
0.00100000
0.00100000
0.00500000
0.00300000
0.00200000
0.00100000
0.00100000
0.00100000
0.00106000
0.00100000
0.00200000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00200000
0.00400000
0.00300000
0.00300000
0.00100000
0.00100000
0.00300000
0.00100000
0.00100000
0,00100000
0.00200000
0.00300000
0.00200000
0.00200000
0.00100000
0.00100000
0.00100000
0.00100000
0.00200000
0.00100000
0.00100000
0.00100000
0.00200000

CUMULATIVE
0.79199970
£e79299969
0079599969
0479699969
0.79899968
0.79999968
0.80199967
0.80299967
0.80599967
0.80899967
0.80999966
0.81299966
0.81499965
0.81599965
0.81699964
0.82199964
0.82499964
0.82699963
0.82799963
0.82899962
0.82999962
0.83099961
0.83199961
0.83399960
0.83499960
0.83599959
0.83699959
0.83799958
0.83899958
0.83999957
0.84099957
0.84199956
0.84299956
0.84499955
0.84899954
0.85199954
0.85499954
0.85599954
0.85699953
0.8%999953
0.86099952
0.88199952
0.86299951
C. 085499951
0.86799951
0.86999951
0.87199950
0.87299950
0.87399949
0.87499949
0.87599948
0.87799948
0.87899947
0.87999947
0.88099944
0.88299946




PR

T gm0 e Ko 1 P o LS, KL
- Tk - - T
.

INTERVAL
189
190
191
192
194
195
196
198
199
200
202
205
207
208
209
211
213
214
215
216
218
226
227
235
240
241
243
244
248
252
254
256
257
258
265
266
212
275
283
284
292
296
302
309
317
329
332
333
340
348
354
356
357
361
362
365

UPPER LIMITY
1.8900E-03
1.9000E~03
1.9100E-03
1.9200£-03
1.9400E-03
1.9500£-03
1.9600E-03
1.9800E~03
1.9900€-03
2.0000€-03
2.0200E-03
2.0500€~-03
2.0700E-03

“2.0800E-03
2.0900E-03
2.1100E-03
2.1300£-03
2.1400E-03
2.1500E~03
2.1600E-03
2.1800E-03
2+2600E-03
2.2700E~-03
2.3500E-03
2+4000E-03
2.4100E~03
2.4300E-03
2.4400€=03
2.4800E=-03
2.5200E-03
2.5400E-03
2.5600€-03
2.5T00E-03
2.5800€-03
2.6500€=-03
2.6600€-03
2.7200€E-03
2.7500€-03
2.8300€-03
2.8400E-03
2+.9200€E-03
2.9600E-03
3.0200E-03
3.,0500€~03
3.1700€~03
3.2900€~03
3.3200€~03
3.3300€E-03
3,4000€-03
3.,4800€E~03
3.5400€-03
3.5600€-03
3.57T00€~03
3.6100E-03
3.6200€-03
3.6500€-03

CLASS MARK
1.8850E-03
1.8950E-03
1.9050€-03
1.9150E-03
1.9350E-03
1.9450E-03
1.9550E-03
1.9750E~03
1.9850E-03
1.9950E-03
2.0150€-03
2.0450E~03
2+0650E-03
2.0750E~03
2.0850E~-03
2.1050E-03
2.1250€-03
2.1350€-03
2.1450€-03
2.1550€-03
2.1750E-03
2.2550€E-03
2.2650E-03
2+3450E-03
243950€E-03
2.4050E~03
2.4250E-03
2.43506-03
2.4750E-03
2.5150E-03
2.5350€6-03
2.5550E-03
2.5650E-03
2.5750E-03
2.6450E-03
2.6550E-03
2.7150E-03
2.T450E-03
2.8250E~03
2.8350€-03
2.9150E-03
2.9550€-03
3.0150€-03
3.0850€-03
3.1650E~03
3.2850E03
3.3150E-03
3.,3250€E-03
3.3950E~-03
3.4750E~-02
3.5350€-03
3.5550E-03
3.,5650€-03
3.6050€E-03
3.61506-03
3.6450E-03

&0

DENSITY
0.00300000
0.00100000
0.00100000
C.00100000
0.00200000
0.00200000
0.00200000
0.00100000
0.00100000
0.00300000
0.00100000
0.00100000
0.00100000
0.00100000
0.00200000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.,00100000
0.00100000
0.00100000
0.00100000
0.00200000
0.00100000
0.00100000
0.00300000
0.00200000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.001060000
0.00100000
0.005:00000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00300000
0.,00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000

CUMULATIVE
0.88599946
0.88699945
0.88799945
0.88899944
0489099944
0.89299943
0.89499943
0.89599942
0489699942
089999942
0.90099941
0.90199941
0.90299940
0.90399940
0.90599939
0.90699939
0.90799938
0.90899938
0.90999937
0.91099937
0491199936
0.91299935
0.91399935
0.91499934
0.91599934
0.91699933
0.91899933
0.91999932
0.92099932
0.92399932
0.92599931
0.92699931
0.92799930
0.92899930
0.92999929
0.93099929
0.93199928
0.93299928
0.93399927
0.93499926
0.93599926
0.93699925
0.93799925
0.93899924
0.93999924
0.94099923
0.94199923
0.94299922
0.94599922
0.94699921
0.94799921
0.94899920
0.94999920
0.95099919
0.95199919
0.95299918




INTERVAL
366
369
370
376
379
385
386
393
405
417
4hs
448
453
458
463
478
489
522
525
528
529
537
575
579
597
610
633
644
668
690
702
716
7135
750
844
870
902
932
971
973
982
983

1001

UPPER LIMIT -
3.6600€-03

3.6900€-03
3,7000E-03
3.7600€~03
3.7900€E-03
3.8500€-03
3.8600E-03
3.9300£-03
4,0500€-03
4.1700€~-03
4+4400€-03
4.4800€E-03
4.5300E-~03
4.5800€E-03
4+6300E-03
4.7800£-03
4.8900E-03
5.2200E-03
5.2500€E-03
5.2800€-03
5+2900€E-03
5.3700E-03
S« 7500E-03
5+ 7900E-03

© 5.9700€-03

6.1000E-03
6.3300€-03
6+4400E~-03
6.46800€-03
6+9000€E-03
7.0200€E-03
7.1600E-03
7.3500€-03
7.5000E-413
8.4400€~03
8.7000€-03
9.0200€-03
9.3200E£-03
9.7100E-03
2,82006-03
9.8300€E~03

_ CLASS MARK
.3.6550€E-03
-34.6850€E-03
3.6950E~03

3.7550€E-03
3.7850E-03
3.8450E-03
3.8550E-03
3.9250€-03

4.0450€-03

4+.1650E-03
4.4350E-03
4,4750E-03
4.5250€-03
4,5750E~03
4+6250€-03
4.7T750E-03
4,8850€-03
5.2150E-03
5+2450€E~-03
5.2750E~-02
5.2850€E-03
5.3650€-05
S+ T450E-03
5.7850E-23
$.96505-U3
6.0950€-03
6.3250E-03
6.4350€E-03
6.5790E-C3
6.8950€-03
7.0150€-03
7.1550€E-03
7.3450€E-03
7.4950€E-0)3
8.4350E-03
8.6950£~-03
9,0150E-03
9.3150€~03
9.7050E~03
9.72%50€E-03
9.8150E-0%
9.8250€-03

4l
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DENSITY

",00100000°

3.00100000

" 0.00100000

0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0,00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.,00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0,00500000

CUMULATIVE
0.95399918
0.95499917
095599917
0.95699916
0.95799915
095899915
0495999914
0.96093914
096199913
0.96299913
096399912
0496499912
0.96599911
0.96699911
096799910
096899910
0.96999909
0.97099908
0.97199908
0.97299907
097399907
0.97499906
0.97599906
0497699905
0.97799905
0.97899%04
0.97999904
0.98099903
0.98199902
0.98299902
0.98399901
0.98499301
0.98599900
0.98699900
0.98799899
0.98899899
0.98999898
0.99099898
0.99199897
0.99299897
0.99399896
0.99499895
0.9999989%
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INTERVAL
0
20
21
22
23
24
25
26
27
28

[ 2

HISTOGRAM GENERATOR OUTPUT
SAMPLE SAMP MEAN SAMP STD DEV
1000 1.121490€ 03 4.134041E 02

UPPER LINIT CLASS MARK FREQ
0. 0
4.0000€ 02 3.9000€& 02 2
4,2000€ 02 4+.1000E 02 i
4,4000E 02 4.3000& 02 2
4,6000E 02 4.5000€ 02 3
4.8000E 02 4.T000E 02 6
5.0000E 02 4.9000E 02 5
5.2000€ 02 5.1000E 02 1
5.4000€ 02 $.3000€ 02 9
5.6000€8 02 5.5000E 02 il
5.8000€ 02 5.T000E 02 12
6.0000E 02 5.9000€ 02 9
6.2000E 02 6.1000E 02 8
6.4000E 02 6.3000E 02 10
6.6000E 02 6.5000€& 02 9
6.8000E 02 6. T000€ 02 17
7.0000€ 02 6.9000E 02 15
7.2000€ 02 7.1000€ 02 15
7.4000€ 02 7.3000€ 02 17
7.6000€ 02 7.5000€ 02 21
T.8000E 02 7.7000€ 02 21
8.0000€ 02 7.9000E 02 F3
8.2000€ 02 8.1000€ 02 19
8.4000E .02 8.3000€ 02 20
8.6000E 02 8.5000€ 02 25
8.8000€ 02 8.7000€ 02 23
9,0000E 02 8.9000E 02 19
9.2000€ 02 9.1000E 02 22
9.4000€ 02 9.3000€ 02 17
9.6000E 02 9.%000€E 02 18
9.,8000€ 02 | 9.7000E 02 23
1.0000€ 03 9.9000€ 02 21
1.0200€ 03 1.0100€ 03 23
1.0400E 03 1.0300€ 03 Y]
1.0600€ 03 1.0500€ 03 25
1.0800€ 03 1.0700E 03 20
1.1000E 03 1.0900€ 03 15
1.1200€ 03 1.1100€ 03 22
1.1400€ 03 1.1300€ 03 12
1.1600€ 03 1.1500€ 03 27
1.1800€ 03 1.1700€ 03 15

42

HISY MEAN

1.131360E 03

DENSITY
0.00000000
0.00200000
0.00100000
0.00200000
0.00300000
0.00600000
0.00500000
0.00700000
0.00900000
0.01100000
0.01200000
0.00900000
0.00800000
0.01000000
0.00900000
0.01700000
0.01500000
0.01500000
0.01700000
0.02100000
0.02100000
0.02100000
0.01900000
0.02000000
0.02500000
0.02300000
0.01900000
0.02200000
0.01700000
0.01800000
0.02300000
0.02100000
0.02300000
0.01800000
0.02500000
0.02000000
0.,01500000
0.02200000
0.01200000
0.02700000
0.01500000

HIST STD DEV
4.128561E 02

CUMULATIVE
0.00000000
0.00200000
0.00300000
0.00500000
0.00800000
0.01400000
0.01900000
0.,02600000
0.03500000
0. 04600000
0.05800000
0.06700000
0.07500000
0.08500000
0.09400000
0.11100000
0.12600000
0. 14100000
0.1579999%
017899999
0.19999999
0. 22099999
0423999999
025999999
0.28499999
0.30799999
0432699998
0434899998
0.36599998
0.38399998
0.40699993
0.42799998
0.45099998
0.46899997
0.49399997
0.51399997
0.52899996
0.55099996
0.56299996
0.58999995
0.60499994
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INTERVAL

UPPER LIMIT
1.2000€ 03
1.2200€ 03
1+2400€ 03
1.2600€ 03
1.2800E 03
1.3000E 03
1.3200E 03
1.3400E 03
1.3600E 03
1.3800E 03
1.4000E 03
1.4200E 03
1.4400E 03
1.4600€ 03
1.4800E 03
1.5000€ 03
1.5200€ 03
1.5400€ 03
1.5600F 03
1.5800€ 03
1.6000€ 03
1.6200¢ Q3
1.6400E 03
1.6600€ 03

. 1.6800E 03

1.T000E 03
1.7200E 03
1.7400€ 03
1.7600€ 03
1.7800€ 03
1.8000€ 03
1.8200E 03
1.8400E 03
1.8600€ 03
1.8800€ 03
1.9000E 03
1.9200F 03
1.9400€ 03
1.9800€ 03
2.0000€ 02
2.0200€ 03
2.0600E 03
2.1000€ 03
2.1200€ 03
2.1400€ 03
2.1600E 03
2.1800€ 03
2.2000E 03
2.2200€ 03
2.2%00E 03
2.2600E Q3
2.2800€ 03
2.3600E 03
2.3800€ 03
2+4000€ 03
2.4400F 03

CLASS MARK
1.1900€ 03
1.2100E 03
1.2300€ 03

1.2500€ 03

1.2700€ 03
1.2900€ 03
1.3100€ 03
1.3300€ 03
1.3500€ 03

"1.3700€ 03

1.3900€ 03
1.4100E 03
1.4300E 03
1.4500€ 03
1.4700€ 03
1.4900€ 03
1.5100€ 03
1.5300€ 03
1.5500E 03
1.5700€ 03
1.5900€ 03
1.6100E 03
1.6300€ 03
1.6500€ 03
1.6700E 03

"1.6%00€ 03

1.7100€ 03
1.73C0E 03
1.7500€ 03
1.7700€ 03
1.7900€ 03
1.8100€ 03
1.8300€ 03
1.8500€ 03
1.8700€ 03
1.8900€ 03
1.9100€ 03
1.9300€ 03
1.9700€ 03
1.9900E 03
2.0100€ 03
2.050CE 03
2.0900€ 03
2.1100€ 03
2.1300E 03
2.1500€ 03
2.1T00E 03
2.1900€ 03
2.2100€E 03
2.2300€ 03
2.2500€ 03
2.2700€E 03
2.3500€ 03
2.3700E 03
2.3900€ 03
2.4300E 03

43
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DENSITY
0.02500000
0.01200000
0.02400000
0.013¢0000

- 0.01300000

0.01400000
0.01700000
0.01100000
0.01600000
0.00500000
0.00700000

0.01200000

0.01100000
0.01000000
0.00900000
0.01000000
0.01500000
0.00300000
0.0110000¢
0.01300000
0.00900000
0.00900000
0.01300000
0.01400000
0.01000000
0.00300000
0.00600000
0.00900000
0.00300000
0.00300000
0.00300000
0.00200000
0.00300000
0.00400060
0.00900000
0.00400000
0.00200000
0.00100000
0.00400000
0.00200000
0.00100000
0.00500000
0.00100000
0.00200009
0.00100000
0.00100000
0.00100000
0.00100000
0.00200000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000

CUMULATIVE
0.62999994
0.64199994
0.66592993
0.67899993
0.69199993
0.70599993
0.72299992
0.73399992
0.74999992
0.75499991
0.76199991
0.77399991
0.78499991
0479499990
0.80399990
0.81399990
0.82899939
0.83199989
0.84299989
0.85599989
0.86499988
0.87399988
0.88699988
0.90099987
0.91099987
0.91399987
0.91999987
0.92899986
0.93199986
0.93499986
0.937999864
0.93999986
0.94299985
0.94699985
0.95599984
0.95999984
0.96199983
0.96299983
0.96699982
0.96899982
0.96999981
0.97499981
0.97%99980
0.977999480
0.97899979
0.97999979
0.98099978
0.98199978
0.96399977
0.98499977
0.98599976
0.98699976
0.98799975
0.98899975
0.98999974
0.99099974
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{NTERVAL
123
124
128
141
163
177
501

UPPER LIMIT
03
03
03
03
03
03

2.4600E
2.4800E
2.5600E
2.8200€
3.2600¢E
3.5400E

CLASS MARK
2.4500E 03
2.4700E 03
2.5500€ 03
2.8100E 03
3.2500€ 03
3.5300E 03

DENSITY
0.00100000
0.00300000
0.00200000
0.00100000
0.00100000
0.00100000
0.00000000

CUMULATIVE
0.99199973
0.99499973
0.99699973
0.99799972
0.99899971
0.99999971
0.99999971

BT R TR .
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.., - U-STAR STATISTICS ) _

L -~ HISTOGRAM GENERATOR OUTPUT S T e
3 3 SAMPLE SAMP MEAN  SAMP STD DEV - HIST MEAN  HIST STD DEV
i 1000  1.969375€-03  1.703065E-03: 1.634699E~03 8.221258E-04
T INTERVAL UPPER LIMIT CLASS MARK  FREQ DENSITY . CUMULATIVE
£ o} 1.0000€~03 0 0.00000000 0.00000000
3 2 9 1.1800E~-03 1.1700E~03 128 0.12800000 0.12800000
4 3 10 1.2000€-03 1.1900E-03 66 0.06600000 0.19400000
i & 11 1.2200€-03 1.2100E-03 50 0.05000000 0.24400000
3 12 1.2400E-03 1.2300E-03  ~ 40 0. 04000000 0.28399999
£ 13 1.2606E-03 1.2500€-03 47 0.04700000 0.33099999
kK 14 1.2800E-03 1.2700€-03 29 0.02900000 0435999999
i 3 15 1.30005-03 1.2900€~03 26 0.62600000 0.38599999
£ 4 16 £+3200€~03 1.3100E-03 3} 0. 03100000 0.41699999
% 3 17 1.3400&~02 1.3390F~03 23 0.02300000 0.43999999
o 18 1.3600E-03 1.3500€~03 23 0.,02300000 046299998
. 19 1.3800E-03 1.3700E-03 25 0.02500000 0.48799998
. 20 1.4000€-03 1.2900E-03 22 0.02200000 0.50999998
Yl 21 1.4200E-03 1.4100€-03 22 0.02200000 0.53199998
E 3 22 1.4400E-03 1.430CE~03 8 0.00800000 0.53999998
E - 23 1.4600€-03 1.4500€-03 16 0.01600000 0.55599997
; 3 24 1.4800€-03 1+4700E~03 14 0.01400000 0.56999997
3 25 1.5000€-03 1.4900E-03 8 0.00800000 0.57799996
4 26 1.5200E-03 1.5100€E-03 15 0.01500000 0.59299996
_ - 27 1.5400€~03 1.5300€~03 10 0.01000000 0+60299996
2 4 28 1.5600E-03 * 1+5500E-03 18 0.01800000 0.62099995
3 3 29 1.5800F-03 1.5700€-03 10 0.01000000 0463099995
. . 2 30 1.6000E~03 1.5900€-03 7 0.00700060 0.63799995
1 £ 31 1.6200E-03 1.6100€~03 7 0.00700000 0.64499995
18 3 32 1.6400E-03 1.6300€-03 10 0. 01000000 0.65499995
1 3 33 1.6600€-03 1.6500€-03 7 0.00700000 0.66199995
t= 3 34 1.6800€-03 1.6700€-03 10 0.01000000 0.67199995
£ 3 35 1.7T000E~03 1.6900€~03 4 0.00400000 0.67599994
L o 36 1.7200E~03 1.7100E-03 12 0.01200000 0.68799993
S 37 1.7400€-03 1.7300€-03 2 0.00200000 0.48999993
g 38 1.7500€-03 1.7500€-03 3 0.00300000 0.69299993
; = 39 1.7800€-03 1.7700€~03 4 0.00400000 0.69699992
;3 40 1.8000€~03 1+7900€~03 1§ 0.01100000 0.70799992
; : 41 1.8200€-03 1.8100€-03 4 0.00400000 0.71199992
i 42 1.8400E-03 1.8300€~03 4 0.00400000 0.71599991
b 43 1.8600E-03 1.8500€-03 7 0.00700000 0.72299991
? 44 1.8800€-03 1.8700E-03 9 0.00900000 0.73199990
f 45 1.9000E=03 1.8900€-03 2 0.00200000 0.73399990
3 46 1.9200€-03 1.9100€-03 8 0.00800000 0. 74199989
£ a7 1.9400€-03 1.9300€-03 s 0. 00500000 0. 74699989
48 1.9600€-03 1.9500€E~03 4 0.00400000 0.7%099984

L




INTERVAL
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
69
70
71
73
T4
75
16
77
18
19

112

UPPER LIMIT
1.9800E-03
2.0000E-03
2.0200€E-03
2,0400E-03
2.0600€-03
2.0800E-03
2.1000E-03
2.1200E-02
2.1400E-03
2.1600E-03
2.1800E-03
2.2000E-03
2.2200€-03
2.2400E-03
2.2600E-03
2.2800E-03
2.3000E-03
2.3200E-03
2.3400E-03
2.3800E~03
Z2+4000E-03
2.4200€-03
2+4600E~03
2.4800E~-03
2.5000€E-03
2+5200€-03
2.5400€-03
2.5600E-03
2.5800€-03
2.6000E-03
2.6200E-03
2+6400E-03
2.6600E~-03
2.6800FE~03
2.T000E-03
2.T7400E~03
2.T600E~-03
2.8000£-03
2+.8200E-03
2.8400€-03
2.8600E~03
2.8800E-03
2.9400€-03
2.9800€-03
3.0000E~03
2.0200€-03
3.0400E-03
3.0600€-03
3.0800E-03
3.1000€=-03
3.1200€-03
3.1400€-03
3.1600€-03
3.1800€E-03
3,2200E-03
3.2400€-03

CLASS MARK
1.9700€-03
2.0100E-03
2.0300€~-03
2.0500E~03
2.0700E-03
2.0900E~-03
2.1100€8~03
2.1300E-03
2.1500E-03
2.1700E-03
2.1900€E-03
2.2100E-C3
2.2300€~03
2.2500€E-03
2.2700E-03
2+.2900E~-03
2.3100€E~03
2+.3300E-03
2.3700E~03
2.3900E-03
2.4100E-03
2.4500E-03
2.4700E-03
2.4900E~-0Q3
2.5100E-023
2.5300E~03
2.5500E-03
2.5T00£-03
2.5900E~-03
2.6100€-03
2.6300E~03
2.6500E~-03
2.6700€E-03
2.6900E~-03
2.7300E~-03
2+7500E~03
2.1900£~-03
2.8100€E-03
2.8300€E-03
2.8500€E-03
2.9300E-03
2.9700€~03
2.9900£-03
3.0100€-03
3.0300E-03
3.0500E-03
3.0700€-03
3.0900€-013
3.1100€-03
3.1300€-03
3.1500E-03
3.1700E~03
3.2100€E-03
3,2300€~-03
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DENSITY
0.00200000
0. 00600000
0.00300000
0.00200000C
0.00400000
0.00800000
0.00300000
0.00300000
0.00200000
0.002C0000
0.00600000
0.00300000
0.90200000
0.00300000
0.00200000
0.00300000
0.00400000
0.00300000
0.00400000
0.00900000
0.00100000
0.00200000
0.0010C000
0.00100000
0.00200000
0.003000600
0.,00200000
0.00200000
0.00200000
0.00100000
0.00100000
0.00200000
0.00400000
0.00500009
0.00200000
0.00100000

0.00400000.

0.00100000
0.00300000
0.00300000
0.00200000
0.00300000
¢.00100000
0.00200000
0.00300000C
0.0020000::
0.00200000
0.00400000
0.00200000
0.002060000
0.00400000
0.00100000
0.00400000
0.00100000
0.00100000
0.00200000

CUMULATIVE
0.75299988
0.75899988
0.76199988
0.76399987
0.76799987
0.77599986
0.77899986
0.78199986
0.78399985
0.78599%8%5
0.79199985
0.79499985
0.79499984
0.79999984
0.80199984
0.80499984
0.80899983
0.81199983
0.81599982
0.82499982
0.82599981
0.82799981
0.82899980
0.82999930
¢,83199979
0.83499979
0.83699979
0.83899979
0.84099978
0.84199978
0.84299977
0.84499977
0.84899976
0.8539997¢
0.85599975
0.85499975
0.86099974
2.086199474
0.864%9973
0.8579997)3
0.869559973
C.87E99973

. B.67399972

0.87599972

I 0.87899972

0.08809997]
0.88299971
0.88699970
0.880899970
0.8%099970
0.59499969
0.89599948
0.89999968
0.90099967
0.90199967
0.90399966
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INTERVAL
113
114
115
116
117
121
122
126
128
129
130
132
134
135
138
137
141
144
146
150
154
156
159
163
167
17
174
175
178
182
185
186
187
189
191
193
197
198
200
201

UPPER LIMIT
3.2600E-03
3.2800€-03
3.3000€-03
3.3200€~03
3.3400F-03
3.4200E-03
3.4400E-03
3.5200€-03
3.5600E-03
3.5800€-03
3.6000€E-03
3.6400E-03
3.6800€~03
3.T000€-03
3.7200€-03
3.7400€-03
3.8200E-03
3.8800€~-03
3.9200€E-03
4.0000€E-03
4.0800E-03
4.1200E~03
4.1800€-03
4.2600E-03
%+3400€-03
4.4600E~-03
4.4800€~-03
&.5000€-013
4.5600€-03
4.6400E=-03
4.7000€E-0)
4,T200E-03
4.7400E~03
4.7800€-03
4.8200£-03
4.8600€-0}%
4.9400E~03
4.9600€-03
5.0000€-03

CLASS MARK
3.2500E-03
3.2700E~-03
3.2900€-03
3.3100€-03
3.3300€-03
3.4100€-03
3.4300€E-03
3.5100E-03
3.5500E~03

* 3+57T00E-03

3.5900E-03
3.6300E-03
3.6700€E~03
3.6900E-03
3.7100€E-03
3.7300€E-03
3.8100€-03
3.8700€E-02
3.9100€~-03
3.9900€E-03
4.0700E-03
4.1100€~-03
4.1700€~03
4.2500E~03
4.3300E-03
4.4500E~03
4.4700E-03
4.4900E~03
4.5500€-03
4.6300€~03
4.86900E=-013
4.T100€E-03
4.7300E-03
4.77006~03
4.A}100E~03
4.8500€-03
¢.9300€~0)3
4.9500E£~03
4.9900€-03
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DENSITY
0.00200000
0.00100000
0.00100000
0.00200000
0.00200000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00300000
0.00100000
0.00200000
0.00200000
0.00200000
0.00200200
0.00200000
0.00100000
0.00100000
0.00200000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00100000
0.00300000
0.00100000
G.00:00000
0.0610000C0
0.00100000
0.00200000
0.00200000
0.00200000
0.00100000
0.00100000
0.00200000
0.04000000

CUMULATIVE
0.90599966
0.90699966
0.90799965
0.909999565
0.91199964
091299964
0.91399943
0.91499963
0491599962
0.91699962
0.91999961
092099961
0.92299961
0.92499960
0.92699960
0.92899960
0.93099959
0.93199959
0.93299958
0.934999%8
0493599957
0493699957
0.9379995%s
0.93899954
0.93999955
0. 94099955
0.94199954
0.94299953
0.94599953
0.9469995%)
0.94799952
0.94899952
0.96999951
0.9519995]1
0.95399950
0.9559995%0
0.95699950
095799949
0.95999949
0.99999949




L-STATISTICS

INTERVAL

ODNOW P WO

HISTOGRAM GENERATOR QUTPUTY

A8

SAMPLE SAMP MEAN SAMP STD DEV
1000 -=3.206379E 00 1.024886E~0}
UPPER LIMIT CLASS MARK FREQ
-3,5000€ 00 4
=3.4900E 00 ~-3,4950€ 00 1
-3.,4700E 00 =-3.4750E 00 1
-3.4600E 00 ~3.,4650E 00 1
-3.4500E 0O =3.4550F Q0 3
-3.,4400E 00 =3.4450E 00 7
-3.4300F 00 -3.4350& 00 2
-3.4200E 00 -3,4250€ 00 3
-3.4100€ 00 -3.4150E 00 &
-3.4000€ 00 -3,.4050€ 00 S
-3.,3900€ 00 ~3.3950F 00 6
-3.3800€E 00 ~3.3850€E 00 9
-3.3700E 0O ~3.3750E 0O 10
-3.3600€ QO -3.3650E 00 8
-3.3500E 00 ~3.3550E 00 14
~3.3400€ 00 ~3.3450F 00 15
-3.3300€ 00 ~3.2350€ 00 13
-3.3200€ 00 -3.3250€ 00 13
-3.3100& 00 ~3.3150E 00 24
-3.3000& 00 -3.3050& 00 18
=3.2900E 00 «3.2950€ 00 35
-3,2800€& 00 -3.2850€ 00 22
-3.2730€ 00 -3,2750€ 00 22
~3,2600€ 00 ~3.,2650€ 00 al
~3.25%00€ 00 ~3.2550E 00 28
~3.2400E 00 ~3.2450E 00 &4
-3.2300€ 00 -3,2350€ 00 33
‘3122002 00 ‘3022505 00 3‘
-3,2100€ DO ~3.,2150€ 00 30
-3.2000€ 0O ~3.20850¢€ 00 «0
~3.1900€ 0O ~3.1950€ 00 56
-3.,1800€ 00 -3.10850& 00 1
~3.1700E 00 ~3.1750€ Q0 43
-3.1600€ 00 -3.1450€ 00 40
-3.1500€ 00 ~3.1550€ 00 k.
-3.1400€ 00 ~3.14%0€ 00 L]
-3.1300E GO ~3.1350€ 00 24
-3.,1200€ 00 -3.12%50€ 00 22
-3.1100€ 00 ~3.1150& QO 18
-3.1000€ 00 ~3.1050¢€ 00 3s
~3.0900€ 00 -3.09%0€ 00 19

HIST MEAN

=3.187429E 00

DENSITY
0.00400000
0.00100000
0.00100000
0.00100000
0.00300000
0.00700000
0.00200000
0.00200000
0.00600000
0.00500000
0.00600000
0.00900000
0.01000000
0.00800000
0.01400000
0.01500000
0.01300000
0.01300000
0.02400000
0.01800000
0.03500000
0,02200000
0.02200000
0.03100000
0.02800000
0. 04400000
0.03300000
0.03400000

0.03000000

0. 04000000
0.05600000
0.03100000
0.0%300000
0. 04000000
0.03600000
0.04600000
0.02400000
0.02200600
0.01800000
0.03500000
0. 01900000

HIST STD DEV
2.253406E-01

CUMULATIVE
0.00400000
0.00500000
0.00£00000
0.00700000
0.01000000
0.01700000
0.01900000
0.02200000
0.02800000
0.03300000
0.03900000
0.04800000
0.05800000
0.06600000
0.08000000
0.09500000
¢. 10800000
0.12100000
0. 14499999
0.16299999
0.1979999¢
G 21999999
024199999
0.27299999
0.30099939
0. 34499999
0.37799999
0.41199999
0.44199998
0.48199998
0.53799998
0.56899998
0.61199997
0.65199997
0.68799927
0.73399997
0.T7579999¢4
0.7799999¢
0.7979999s
0.8329999¢
0.85199995




INTERVAL
42

43

44

.”{ 46
o 41
g 48
g 49
50
51
52
54
55
57
101

o
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UPPER LIMIT

-3.0800E
-3.07T00€E
”3006008
-3.0500E
-3.0400E
-3.0300E
-300200E
~3.0100F
~3.0000€
-2.9900€
~2.9800E
-2,9600€

~2+9500E
-249300E .

CLASS HMARK

-3.,0850E
=3.0750E
~3.0650E
-3.0550€
-340450E
=3.0350€
-3.0250€
-3.0150€
~3.0050E

=249950E

-2.9850E
-2.965CE
~2+9550E
-2.9350€

DENSITY
0.03100000
0.01900000
0.02000000
0.01400000
0.01300000
0.01100000
0.00600000
0.01200000
0.00900000
0.00400000
0.00400000
0.002000G0
0.00200000
0.00100000
0.00000000

CURULATIVE
0.88299995
0.90199994
0.92199994
0.93599994
0.94899993
0.95999993
0.96599993
097799993
0.98699992
0.99099991
0.99499991
0.99699990
0.39899990
0.99999990
0499999930




APPENDIX

The primary data on tube life which forms the bagis of the
assertion that F(t) i1s log-normal was obtained for the M1l3 cannom.
This is given in table 1.- The 24 failure times (cycles of max rated
pressure) are listed by rank together with the mcdian rank statistic
for a sample of 24.

The median ranks were plotéed versus failure times on log-normal
graph paper and on Weibull graph paper in graphs 8 and 9, respectively.
As suggested by the appearance of the data on log-normal graph paper,

a conservative estimate of the underlying distribution was drawn thru

the data, Points from the lower tail of estimated distribution were
plotted on Weibull paper with the experimental data to provide additional
visvel indication of the tenability of the log-normality assumption
vercus alternative assumptions. For example, the estimated points seen
to fair more smoothly with the axperimental points than would a straiéht

line ca Weibull paper.




ERCERD

R R

S TABLE 1

Failure Times Median Rank

L 1 2194 0289
| 2 2196 .0698

3 2826 .1108
| 4 3025 .1518
9 5 3169 1927
6 © 3309 ,2337
7 3323 \2747
8 3438 .3156

9 3449 .3566
| 10 3476 .3976
11 3606 4385
| 2 3698 4795

13 3847 «5205

14 4451 «3615
15 4671 +6024
16 4685 « 6434
17 4697 , 6844
18 4768 « 7253

19 3035 « 7663

SRS g 3 W I T

20 5397 . .8073
21 6192 8482
} 22 7238 . 8892

PN e e e e
£

23 7631 +9302
24 9652 9711

‘avey 4272.68
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